We have measured the density of amorphous and microcrystalline silicon films using an optical method. The mass density decreases with increasing hydrogen content, consistent with a hydrogenated di-vacancy model that fits the data for amorphous silicon. Material produced by hot wire assisted chemical vapour deposition, with low hydrogen content, has a higher density and is structurally different from glow discharge material with hydrogen content around 10 at.%. The lower density microcrystalline silicon seems to be porous.
Introduction
Further progress in a continuing effort to improve the stability of the efficiency of hydrogenated thin Ž . Ž film amorphous a-Si:H and microcrystalline mc-. Si:H silicon solar cells is dependent on our understanding of the growth process and material structure. Deposition conditions determine the silicon and hydrogen bonding, multivacancies and voids in the material; and all these affect the electronic properties of the material, namely the defect density and the material stability. The mass density of the material affects, indirectly, all these changes, as we have w x already reported 1 . Here we present a detailed study of the density of thin amorphous and microcrystalline layers deposited on glass substrates, as a
Experimental details
Amorphous silicon films were deposited by hot Ž . wire assisted chemical vapor deposition HW tech-Ž . nique HW26 and HW59 that differ in hydrogen w x content 1 . Sample GD23 was produced by the conventional plasma-enhanced chemical-vapour de-Ž . position with void fraction 0.01% , as measured by Ž . w x small angle X-ray scattering SAXS 2 . Samples HW59 and GD23 were later annealed at 5008C for 24 h in a hydrogen atmosphere to reduce their Ž hydrogen content. Microcrystalline samples D15, . P13, P06, P05 were prepared by hydrogen dilution Ž . of silane using several frequencies 70-130 MHz in Ž . a glow discharge technique VHF-GD . Samples D20 and D28, prepared by VHF-GD, are amorphous.
Ž .
All measurements of transmittance T and re-Ž . flectance R , as a function of wavelength l, were made using a single beam spectrophotometer allow-Ž ing illumination of a small part of the sample 1 2 . mm without its movement. This procedure is crucial for the accurate estimation of the index of refraction, n. w x Ž . Following Tomlin 3 , the function 1 q R rT is given by:
where s is index of refraction of the glass substrate and d is thickness of a thin film.
Approximating the imaginary part of the complex dielectric constant by a delta function resonance Ž . absorption at an energy, E Penn gap , it is easy to R show from the Kramers-Kronig equations and the w x plasma sum rule 4 that:
The Penn gap, E , represents an average separation R between valence and conduction bands and is a measure of the covalent bond strength. E is the P plasma energy. We made the first approximation of these two parameters from the reflectance measurement in an absorbing region where no interferences are present. If E , E and d are approximately P R Ž . known, the function 1 can be used in a fitting procedure providing a better estimate of parameters, error estimate on the parameters and a statistical measure of goodness-of-fit.
The refractive index at long wavelengths, n caǹ be written in terms of individual oscillators. This classical approach is described by the Clausiusw x Mossoti equation 5 . In the case of a-Si:H or mcSi:H, the oscillators are Si-Si bonds and Si-H bonds. The bond polarizability of a Si-Si bond in the crystalline phase, a s Si-H bond, is taken from the polarizability of the w x SiH molecule 5 . Hence, knowing the concentra-4 Ž . tion of bonded hydrogen c , from IR absorption H w x measurements 7 , it is possible to determine the film Ž . mass density D from the measured index of refraction. Finally, we obtained after the substitution:
of the Si atom and p is the amorphous fraction.
Results
Typical transmittance and reflectance are shown in Fig. 1 for a microcrystalline and an amorphous sample. The spectral dependency of the index of refraction is calculated from the spectral dependency Table 1 . The hydrogen content has been determined by infrared spectroscopy, and the amorphous w x fraction was determinate from Raman scattering 8 . In Fig. 2a , we display the dependence of the density of all measured layers on hydrogen content. To describe this behaviour, two simple models are presented. In the mono-vacancy model, four hydrogen atoms replace one silicon atom, in the di-vacancy model, six hydrogen atoms replace two silicon atoms. The measured density is compared with the density Ž y3 . of crystalline silicon 2.33 g cm . Error bars have been estimated from errors of fitted parameters E P and E .
R
In Fig. 2b , we display the dependence of E of R amorphous silicon on hydrogen content.
Discussion w x
Carlson 9 suggested that one way to improve the stability of a-Si:H is to increase the density of the material by systematically varying the deposition conditions. We have already reported that HW material prepared at 350 to 3908C with about ; 2 at.% hydrogen shows a strongly reduced susceptibility to the creation of thermal and light-induced defects w x 1,10 .
We have correlated this increased stability with w x larger material density 1 and a different hydrogen microstructure of this material, as determined by Ž . w x nuclear magnetic resonance NMR 11 . Another difference can be seen from Another important observation is presented in Fig.  2a . It can be seen that the density of the amorphous material with negligible void fraction monotonically w x decreases with increasing H content 12 . We obtain the best fit with the hydrogenated di-vacancy model in which six H atoms replace two Si atoms and the hydrogenated mono-vacancies make a minor contriw x bution 12 . Our results show that the density deficiency compared to the crystalline Si density D s 2.33 g cm y3 comes from a difference between crystalline Ž and amorphous phase of the unhydrogenated Si D y3 . w x s 2.29 g cm 6 and from 'substitution' of Si atoms by H atoms. Our data are consistent with a picture of one hydrogen atom occupying the space of approximately 1r3 of the silicon atom in a dense, void-free material. We have also extended our approach to microcrystalline material, which was successfully used in w x microcrystalline solar cells 13 . Unfortunately, we cannot investigate strongly textured material which gives the highest efficiency solar cells due to increased light trapping because the rough surface suppresses the interference fringes. Our data for mirror like microcrystalline samples show that again, the density decreases with increasing hydrogen content.
Some samples have a smaller density than those that would correspond to the simple picture, pre-Ž . sented above samples P06, P13 . We assume that Ž this difference is connected with a porosity smaller . density of these samples, compared to the samples prepared under 'optimal' conditions.
Conclusions
The mass density decreases with increasing hydrogen content, hydrogenated di-vacancies being mainly responsible for this. On the average, one hydrogen atom occupies the space of approximately 1r3 of the silicon atom.
More stable HW material with a low hydrogen content has a higher density and is structurally different from glow discharge material with c of H around 9 at.%.
Microcrystalline silicon with lower densities seems to be porous.
